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Abstract: With the wide application of computer and DCS in industry, the discrete controller has begun to play 
an important role in the process industry, thus leading internal model controller, which has good tracking 
performance, become the focus of the researchers’ study [1]. Meanwhile, industrial field exists a large number 
of non-square multivariable systems, therefore it is significantly practical to study on non-square system. So this 
paper puts forward the design scheme of internal model controller, based on the discrete control system. At first, 
the paper presents the concept of discrete channel gain, and through discrete channels relative gain, square 
subsystem can be chose from non-square system. Then by using the square subsystem, the controller is 
designed. However, if the system is designed in this way, the control effect and the robustness of system will not 
be perfect. To solve this problem, we add a low pass filter based on the original control system. Through this 
way, the robustness and stability of the system will be increase. Copyright © 2013 IFSA. 
 
Keywords: Discrete systems, Non-square multivariable system, Internal model control. 
 
 
 
1. Introduction  
 
In order to improve the control effect and achieve 
higher yields, computer control and discrete control 
system are widely used in modern industrial fields. 
Based on these systems, internal model controller has 
developed with good tracking performance, thus it 
becomes the focus of the researchers—how to replace 
PID control. Therefore, this paper will do more 
research about the internal model controller by 
designing the controller parameters in non-square 
discrete multivariable system, which will improve 
control performance. 
In the continuous system, there are mainly two 
kinds of internal model control methods for non-
square multivariable system [2, 3]: one is to choose 
closest relative input and output, making the input 
and output variables matched and achieving the 
purpose of the decoupling and designing controller 
[4, 5]. The other is to decouple the non-square control 
system directly, designing internal model controller 
of non-square systems by using the generalized 
inverse method [6]. But in discrete multivariable 
system, the research is so limited that we need to 
explore more information on this field. To achieve it, 
the paper introduces the concept of discrete channel 
relative gain and matches loop in non-square 
multivariable system, thus the square subsystem can 
be obtained and then though it the internal model 
controller could be designed, achieving satisfactory 
results. 
 
 
2. The Relative Gain  
 
In the design of internal model controller of non 
continuous system, subsystem of the non-square 
system can be selected by using the concept of 
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relative gain. Then through this approximate square 
system, the controller can be designed. Similarly, in 
the design of discrete non-square systems, through 
the relative gain, subsystem of the non-square 
systems can also be selected. 
In the relative gain matrix, it is assumed that 
system is stable and open loop, meanwhile the 
transfer function matrix is steady and nonsingular, 
then: 
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In the formula, molecule is under the condition of 
open loops except for loop  i y - j u , and the 
denominator is under the condition of closed loops 
except for loop  i y - j u  
ij  is the relative gain. For a non-square system 
with m rows and n columns, relative gain will exist 
between each of its input and output, which formed a 
relative gain matrix, such as 
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It suggests that relative gain is used to describe 
the degree of coupling between loops of system, 
pointing out the ratio of the open loop gain and the 
closed-loop gain and showing the influence degree of 
the loop by other circuit. However, it is very difficult 
to calculate the relative gain by this simple definition. 
Comparing with continuous system, discrete system 
relative gain can be calculated in the following way: 
First, according to the following formula: 
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It can get the matrix K, 
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R is generalized inverse transpose matrix of K, 
that is: 
()
T RK
    (5) 
 
The element of R is ij r , that is: 
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The relative gain matrix can be obtained by the 
Amada multiplication of K and R, that is: 
 
* ij ij ij kr     (7) 
 
 
3. The Selection of Subsystem in Discrete 
System  
 
The concept and calculation method of relative 
gain and the relative gain matrix is introduced in the 
second section, including how to build the 
subsystems of non-square system through the relative 
gain matrix. 
For the non-square system which has m inputs and 
n outputs, several kinds of subsystems should be 
chose. When the input dimension is greater than the 
output dimension (also known as fat system), the 
number of subsystems of non-square systems can be 
obtained by statistically which is:  
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In so many subsystems, the system, which has 
smallest loop coupling effect, should be chose. How 
to find this system? The concept of relative gain 
matrix will be used. The following describes how to 
select square subsystems using the relative matrix. 
According to the method described in the second 
section, the discrete relative gain of non-square 
system can be got. The relative gain matrix represents 
the coupling degree between loops. According to its 
definition, loops can be match through the following 
principles to find out the square subsystems. 
1) If  1 ij  
 
; which indicates the open loop of 
i y   and  j u …gain equals the closed-loop gain of 
them, in other words, i y   is only controlled by j u . 
And the other loop has no effect on the loop. 
Therefore  i y  and  j u
 
matching the most easily. 
2) If  0 ij   ; which indicates the open loop gain 
of  i y  and j u
 
is equal to zero, that is to say,  i y  and 
j u  is irrelevant ,  i y  is not controlled by  j u , they 
can't match in this case. Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 244-251 
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3) If 01 ij   , which indicates the open loop 
gain of  i y  and  j u
 
is less than the closed-loop gain of 
them, i y   is decided jointly by several control 
functions, namely the coupling exists between loops. 
When  0.5 ij   , which indicates the effect of  j u
 
to 
i y  is equal to the reaction of other circuits. When 
0.5 1 ij   , that indicates  j u  plays a larger role than 
other circuits; On the contrary, when00 . 5 ij  , that 
indicates the other loop play a larger role. In this 
case, when 0.5 1 ij   ,  i y and  j u  can match, and 
when the closer  ij   is to 1, the better the effect of 
matching. 
4) If  0 ij   , that indicates the open loop gain 
and the closed-loop gain of  i y  and  j u is opposite in 
sign, which explains that  j u  and other circuit not 
only have interactions, but other circuits play the 
main role, in this case,  i y  and  i y  can’t be match. 
5) If  1 ij   , that indicates the open loop gain 
of i y   and j u  is larger than the closed-loop gain, 
which explains that  j u
 
plays a main role, but the 
other loop still has a certain impact on i y , In this 
case, i y   and  j u
 
can match. But when  ij   is very 
large, it may lead to the instability of other loops, so 
it is not recommended to match. 
In general, when the closer Y is to 1, the more 
matching is recommended, the control effect will be 
better; when the farther Y is from 1, the less 
matching is recommended. According to this method, 
we can choose the minimum coupling system from 
the subsystems to replace the original non-square 
system model approximately, which is used to design 
internal model controller. 
 
 
4. The design of Internal Model 
Controller for Discrete Systems  
 
Such as block diagram of discrete internal model 
control method shown in Fig. 1, R is a given value, y 
is the output of the system, d is the system 
interference, () IMC Gz  is the discrete internal model 
controller,  () p Gz
 
is the object of discrete 
system,  m Gz
 
is the discrete object model:  
The output of the system can be got from the 
picture: 
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Fig. 1. Discrete internal model control structure. 
 
 
When the object model and system objects 
perfectly matched, that is: 
 
  () pm Gz Gz    (10) 
 
The transfer function of the system is: 
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In common with the design of continuous internal 
model controller, discrete internal model controller 
can also be operated by two steps, but controller 
design should be carried out in the Z domain. The 
design steps of discrete internal model controller are 
as follows: 
The first step: discretizing, and resolving object 
and object model. 
In general, the obtained system object model is 
continuous system model. In order to use the 
computer to control the system, the system object and 
the model should be discretized firstly. 
 
  (( ) ) pp Gz Gs  Z   (12) 
 
  () () mm Gz Gs  Z   (13) 
 
Then the discrete model of system should be 
decomposed, According to the continuous internal 
model control principles, the object model should be 
decomposed into () m Gs  and  () m Gs  , this will be 
extended to discrete system, in which object model is 
decomposed into  () m Gz  and  () m Gz   . () m Gz  is 
  m Gz the minimum phase part, and 
() m Gz  should include zeros outside the unit circle 
and pure delay part of    m Gz
 
, that is: 
 
  () () mm m Gz G z G z     (14) 
 
The second step: design the filter, and form 
internal model controller. 
The internal model control principles are 
extended to discrete control system, the general form 
of the discrete internal model controller is: Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 244-251 
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Filter f (z) of the general form: 
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Among them: 
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In the above formula,   is the required 
parameters of the design filter, T is the sampling time 
of the system. 
In the fifth section, it finds that the effect of the 
internal model controller is not ideal only through 
such design. In many cases, the robustness of the 
control system is nonideal, and even output 
divergence will happen. In order to solve this issue, 
we add a first-order filter in the feedback loop when 
designing the IMC controller. 
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By adding the feedback filter, the robustness of 
the system can be greatly enhanced, what’s more, the 
stability of the system and the steady-state value of 
the output won’t be affected. 
 
 
5. Simulation and Comparison of the 
Control Effect 
 
In order to test the control effect of discrete 
internal model controller, SHELL standard control 
model is used to do control simulation of discrete 
controller. Standard SHELL model is as follow: 
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The discretization time is 1 second; after 
discretization the pulse transfer function systematic 
matrix can be obtained, which is as follow:  
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In the nominal case, pulse transfer function of 
discreted model is: 
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According to the method mentioned before, 
relative gain matrix can be calculated, 
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According to the matching principle,  2 u and 
3 u are used for control,  1 u is a fixed value, and 1 y is 
controlled by 3 u , 2 y  is controlled by 2 u . Then based 
on this square subsystem, internal model controller 
can be designed and by using a V type control 
method the square subsystem decoupled. Internal 
model controller is obtained: 
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At start point, set value of 1 y to be 0.5; in 1000 s, 
set the value of  2 y  to 1; in 2000 s, add the interfered 
parameter 1 d ; in 2500 s, add interfered parameter 2 d . 
Through MATLAB simulation, the Fig. 2 and Fig. 3 
can be got. 
They suggest that the discrete internal model 
controller, designed by this method, can track the 
output system well and eliminate steady state error of 
system. 
When the object is perturbed, system object 
changes to: 
 

82 85 82
55 43 46
0.12 0.04379 0.1742
0.9753 0.9794 0.9753
0.1597 0.1415 0.2547
0.9753 0.9794 0.9692
zzz
zzz Gp z
zzz
zzz


 
    
 
    
 
(26) 
 
The simulation research suggests the robustness 
of the internal model controller, designed by this 
method for time-delay, is limited. Once the delay 
variation is relatively large, the system becomes 
unstable, making output divergent. Fig. 4 and Fig. 5 
show output of the system when delay variation 
changes 10 %, it is obvious that the output becomes 
divergent. Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 244-251 
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In order to increase the robustness of system, we 
add a feedback filter in feedback loop. The added 
feedback filter is:  
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After adding a feedback filter, we can get new 
figures of system output when object was perturbed 
again, which show the output is more stable than 
before and without systemic diverge. It concluded 
that the robustness of the system will be increased 
when adding a feedback filter. However, it also finds 
that systemic error cannot be diminished, which will 
be the focus of further study. These figures are as 
following: 
Similarly, after adding a feedback filter, we can 
also get new figures of system output when object 
wasn’t perturbed, see Fig. 8 and Fig. 9. Though the 
comparison of these figures, although feedback filter 
is added, the system can still perfectly track a value 
given by system. 
 
 
 
 
Fig. 2. Curve of Y1 when there is no feedback filter. 
 
 
 
 
Fig. 3. Curve of Y2 when there is no feedback filter. 
 
 
 
Fig. 4. Curve of Y1 when the perturbed Object has no feedback filter. Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 244-251 
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Fig. 5. Curve of Y2 when the perturbed Object has no feedback filter. 
 
 
 
 
Fig. 6. Curve of Y1 when the perturbed object has feedback filter. 
 
 
 
 
Fig. 7. Curve of Y2 when the perturbed object has feedback filter. 
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Fig. 8. Curve of Y1 when the origin object has feedback filter. 
 
 
 
 
Fig. 9. Curve of Y2 when the origin object has feedback filter. 
 
 
6. Conclusions 
 
In this paper, we put forward a direct method of 
internal model controller design in discrete non-
square systems. Since there is little research on 
method of internal model controller design in discrete 
system. So, this paper only puts forward the design 
methods of discrete internal model controller based 
on the original method through making full use of the 
method of internal model controller design in 
continuous system, making the design of internal 
model controller possess good control effect and the 
robustness improved obviously at the same time. 
However, this method still has a larger space to 
promote. First of all, this is an indirect method of 
internal model controller, which can’t completely 
eliminate the coupling between the system circuits. 
Secondly, designing internal model controller 
directly can be a new try. Thirdly, online internal 
model controller can also be used in the discrete 
control system, which makes real-time update 
possible and itself more acceptable; this is also the 
focus of discrete controller research in the future. 
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